Major developments in cryo-electron microscopy in the past three or four years have led to the solution of a number of spliceosome structures at high resolution, e.g., the fully assembled but not yet active spliceosome (Bact), the spliceosome just after the first step of splicing (C), and the spliceosome activated for the second step (C*). Therefore 30 years of genetics and biochemistry of the spliceosome can now be interpreted at the structural level. I have closely examined the RNase H domain of Prp8 in each of the structures. Interestingly, the RNase H domain has different and unexpected roles in each of the catalytic steps of splicing.
spliceosome | pre-mRNA splicing | Prp8 | RNase H | cryo-electron microscopy Francis Crick once said: "If you don't understand function, study structure" (1). His advice has been taken for the last 60 years, and, with time, ever more challenging structures have been solved, culminating with the ribosome in 1999 (2, 3). The ribosome structures have provided a newer, more sophisticated understanding of ribosome function than had been obtained previously via biochemistry and genetics. For example, it now is known that the formation of the peptide bond is catalyzed entirely by rRNA.
The spliceosome, another large macromolecular machine, was discovered and named in my laboratory at the California Institute of Technology in 1985 (4), but, because it is heterogeneous, present in small numbers in the yeast cell, and must be purified from a crude yeast extract (5), most of us (i.e., the ancients) feared we would never live to see a structure of the spliceosome. My hopes were raised as X-ray crystallography provided structures of some of the components, for example, the U1 small nuclear ribonucleoprotein (snRNP) (6) and parts of the anchor protein of the spliceosome, Prp8 (7). However, structures of larger spliceosome subcomplexes remained elusive.
It was widely believed that if a structure of the entire spliceosome were to be solved, the solution would be via cryo-EM. In 1995 Richard Henderson (8) predicted that for proteins larger than 100,000 Da, structures with an atomic resolution of ∼3.5 Å could be obtained. In practice, however, except for symmetrical structures such as viral capsids, the best resolution was about 10 Å and for the spliceosome was more like 20-30 Å. In the past few years a series of stunning technical developments has enabled the determination of complex structures such as the spliceosome at high resolution. A key advance was the development of direct electron detectors that replace the earlier indirect CCD cameras (9, 10) . It is possible to make movies of single particles early in exposure, allowing correction for movement of the target. Also important has been the application of maximum likelihood methods to select particles on the grid, resulting in more homogeneous sets of images (11) .
In short order, a number of recalcitrant structures were solved, e.g. a rotor-shaped enzyme called "V-ATPase" (12), the complex structure of a human transcription initiation complex (13) , and the de novo structure of the large subunit of the human mitochondrial ribosome (14) .
With onset of the improvements in cryo-EM, a bounty of high-resolution spliceosome structures has been published in the last two years. High-resolution (3.5-Å) structures have been solved of the triple snRNP U4/U6-U5 (15, 16) ; of Bact (the fully assembled spliceosome stalled just before the first catalytic step) (17, 18) ; of C (the spliceosome stalled just after the first catalytic step) (19, 20) , and of C* (the spliceosome activated for the second catalytic step) (21, 22 Pre-mRNA splicing is carried out by the spliceosome, a large, dynamic ribonucleoprotein complex, which catalyzes two transesterification reactions (5, 8) . In the first catalytic step of pre-mRNA splicing the 5′ splice site (5′SS) is cleaved, forming a lariat-3′ exon intermediate in which the 5′ splice site is covalently linked via a 2′,5′ phosphodiester bond to the branch site adenosine (BrA). In the second catalytic step the 3′ splice site (3′SS) is cleaved, and the 5′ exon and 3′ exon are ligated together. The excised lariat intron then is discarded from the spliceosome. Both catalytic steps of splicing must be performed with high fidelity and high efficiency. For each splicing reaction the spliceosome must be assembled de novo in a series of well-characterized steps. First U1 and U2 snRNPs bind to the pre-mRNA to form the prespliceosome. Then the triple snRNP U4/U6-U5 joins the spliceosome, and both U1 and U4 (the latter catalyzed by the helicase Brr2) leave the complex. The spliceosome is activated for the first catalytic step by the RNA helicase Prp2. If Prp2 is inactivated, assembly stops, and the Bact complex accumulates. With the addition of Prp2, ATP, and the first-step factors Cwc25 and Spp2, the first catalytic step occurs. If the second step is blocked, complex C accumulates. Structures for Bact, C, and C* are now available. Bact accumulates in an in vitro splicing reaction in which the RNA helicase Prp2 is inactivated. C accumulates if Prp16, required for the second step, is inactivated. C* accumulates if the 3′ splice site of the pre-mRNA is altered. I have spent many happy hours trying to understand the structural basis for the problems we have been working on.
For many years the Guthrie laboratory has been interested in the central and most highly conserved spliceosome protein, Prp8. Many mutants affecting the first or second step of splicing are found in Prp8 and especially in the RNase H domain (23-25) (Fig. 2) .
The RNase H domain is structurally similar to the family of RNase H-like proteins (26) . However, it does not contain a functional active site, and, uniquely in Prp8, an insertion of 17 amino acids forms mutually exclusive β-hairpin or open-loop conformations. First-and second-step mutants cluster in this insertion, but they also are found at other locations in Prp8 (23, 24) . First-step mutants stabilize the β-hairpin, and second step mutants stabilize the loop form (Fig. 3) . Hereafter, I will refer to this loop as the "insertion loop."
It was reasonable to believe that the RNase H domain is an integral part of the active site of the spliceosome, based on first-step/ second-step mutants and on previous cross-linking data (7, 23, 27) . The tools now available made it possible to check out that assumption.
Although the tertiary structure of the RNase H domain (with the exception of the insertion loop) is identical in all three structures, the domain has a different orientation relative to the stable reverse transcriptase domain in all three structures (Fig. 4) . This difference in orientation must be the result of the large spacer regions that flank the RNase H domain: a spacer of 15 amino acids between the endonuclease domain and the N terminus of the RNase H domain and a spacer of 54 amino acids between the C terminus of the RNase H domain and the N terminus of the Jab1/MPN domain. It is interesting that both these spacer regions are highly conserved in both size and amino acid sequence.
Bact
Spliceosome assembly can be blocked at several stages. The penultimate step before first-step catalysis is mediated by the RNA helicase Prp2 (Fig. 1 ) and can be blocked by genetic inactivation of Prp2. The spliceosome at this stage, Bact, is stable and can be purified, enabling the determination of a cryo-EM structure of Bact (17, 18) .
In Fig. 5A the RNase H domain of Prp8 (red) is shown in the context of the spliceosome (gray background). The terminal loop of U5 (green) marks the position of the active site interacting with the thumb and linker domains of Prp8 (not shown). The RNase H domain is about 50 Å away from the active site and cannot interact with the branch-point helix (U2 in black and the intron in magenta) because it is blocked by the U2 snRNP protein Hsh155 (cyan). In Fig. 5B only the highlighted portions of the spliceosome are shown. Activation by Prp2 must lead to dramatic structural changes to allow the branch site helix to move 50 Å into the active site of the spliceosome.
C
Indeed, Prp2 does catalyze a large conformational change of the spliceosome. Along with other U2 proteins, Hsh155 is removed, and new proteins are added (5, 17) . The new structures allow us to see the changes that occur in the Bact-to-C transformation. These changes are shown in Fig. 6 . In the C spliceosome the U2 branch-point helix moves 50 Å into the active site.
The RNase H domain of Prp8 makes contact with the branch-point helix at about position 46, interacting with the U2 base-pair helix. Here is the first big surprise: In the active C-form of the spliceosome RNase H is still ∼50 Å away from the active site! How then can the first-step/ second-step mutants have marked effects on catalysis?
In the transition from Bact to C, a number of proteins are added. One of these, Cwc25, an essential protein in yeast, is absolutely required for the transition to the active configuration of the spliceosome (28) (29) (30) . The location of Cwc25 in the C spliceosome is provocative.
It can be seen in Fig. 6B that Cwc25 is an α-helical rod that extends exactly from the RNase H domain of Prp8 to the active site of the spliceosome. The N terminus of Cwc25 makes close contact with the active site. The structure and location of Cwc25 leads to a hypothesis, put forth by Galej et al. (19) , that could not have made without the structure of the C spliceosome:
The RNase H domain of Prp8 exerts its effects on the active site of the spliceosome via transduction through the Cwc25 helical rod.
The interaction of Cwc25 with U2 RNA is stabilized by interaction with the protein Yju2 (Fig. 6B) . Like Cwc25, Yju2 is required for the first step of splicing (31) (32) (33) , and its N terminus also interacts with the active site.
The RNase H domain of Prp8 has indirect effects on both the first and second steps of splicing (Fig. 7) . The conformation of the stem loop II of U2 RNA also has indirect effects on both steps of splicing (34) .
Stem loops IIa and IIc are mutually exclusive, and their conformation affects both assembly and catalysis. For catalysis, U2 RNA must be in the IIc form (34, 35) . In the C form of the spliceosome, loop II of U2 RNA is in the IIc form.
Here is the amazing thing: The insertion loop of RNase H is not in contact with Cwc25. Instead it is pointed toward the IIc form of U2 RNA and possibly could interact with it functionally.
A B Fig. 6 . Relevant portions of the C-spliceosome. (A) In the C spliceosome the U2 branch-point helix has moved 50 Å into the active site, indicated here by the 3′ end of exon1 (orange). The circle marks the location of the active site. The RNase H domain is now bound to the branch-point helix, but it is still 50 Å away from the active site. Only parts of U2 are shown, including the IIC helix. Note that the RNase H insertion helix is pointed toward the U2 IIc helix. (B) The proteins Cwc25 (purple) and Yju2 (green) are required for the first step of splicing. The α-helical Cwc25 spans the distance between RNase H and the active site, and its N terminus contacts the active site. Yju 2 is bound to Cwc25, and its N terminus also can contact the active site. It is possible that the extent to which the active site of the spliceosome is stabilized depends on the conformation of the insertion loop of RNase H (either closed or open) and the conformation of U2 loop II (IIa or IIc). Acting in concert, these elements could provide a range of stabilizations of the active site. This possibility could easily be ruled out by making double mutants and looking at growth and splicing accuracy. (Fig. 8B ) Subtle fine-tuning of the active site of the spliceosome might provide useful changes in alternative splicing.
C*
There is good evidence for a single active site in the spliceosome (37) , but the substrate must be rearranged for the second step of splicing to occur. The branch-point sequence must be moved out of the way, and the 3′ splice site must be brought into the active site.
The new structures of the C* spliceosome tell us how this rearrangement happens. The activation of the spliceosome for the second step requires the action of the RNA helicase Prp16. Prp16 causes the discard of the first-step factors Cwc25 and Yju2 and creates binding sites for the second-step factors, Prp18 and Slu7. The U2 branch-point helix is moved ∼20 Å away from the active site and is stabilized there by the RNase H domain of Prp8. RNase H rotates about 70°from its position in C so that the β-hairpin loop interacts with the branch-point helix. The second-step factors Prp18 and Slu7 bind to the RNase H domain, stabilizing the branch-point helix in its altered position.
The 3′ splice site can now enter the active site, and the second step of splicing can take place.
The 3′ exon is not seen in any of the spliceosome structures, indicating that it is flexible. However, Fica et al. (21) observed a small RNA bound to the helicase Prp22. Prp22 is involved in release of the mRNA from the spliceosome, and it is bound to the terminal exon at position 18 (36) . The small RNA in Prp22 is about 18 nt from the active site, suggesting to Fica et al. a location for the 3′ exon (shown as a dashed line in Fig. 9 ).
In this perspective article, I have looked at the spliceosome structures to try to understand how a set of mutants in the RNase H domain of Prp8 affects splicing. I was completely surprised A B by what I saw. In the C stage RNase H may function indirectly via Cwc25 to alter the active site subtly. In the C* stage RNase H has a completely different function. It acts to move the branch-point helix out of the way, allowing the 3′ splice site to enter the active site for the second catalytic step. My focus on RNase H was useful, because RNase H has crucial functions in both steps of splicing. However, had I focused, for example, on Snu114, I surely would have seen unexpected things, as well. I will keep looking; I'm sure everyone in the field is doing the same thing.
